Amorphous N-rich porous organic polymer (SNW-1) was composited, respectively, with carboxylic carbon nanotubes (CNTs) and graphene (GE) through in situ synthesis, to construct new composites possessing both covalent porous network and enhanced conductivity. When used as anode of lithium ion batteries, the obtained chemically bonded SNW-1/ CNTs composite exhibits a capacity of 203 mA h g −1 at a current of 0.5 C after 1000 cycles, which is much higher than that of SNW-1/GE (72 mA h g −1 ) and pristine SNW-1 (73 mA h g −1 ). This is interpreted in terms of different interaction between two components of composites. The chemical bonding of SNW-1/CNTs facilitates the heterogeneous charge transfer much more than the non-chemical interaction of SNW-1/GE, and thus gives a better electrochemical performance than the latter. This work provides a promising strategy to design organic polymer/carbonaceous materials composite for high-performance electrode.
Introduction
Lithium ion batteries (LIBs) have been widely used in modern digital devices [1] [2] [3] . Aiming to improve the electrochemical performance of LIBs, many efforts have been devoted to develop new kinds of functional materials for electrodes. There have many kinds of anode materials been reported till now, including carbonaceous materials, metal, phosphorus, metal oxides and metal sulfides [4] [5] [6] . Carbonaceous materials, for example graphene (GE) and carbon nanotubes (CNTs), are widely used as anode materials because of their high power density, good cycle performance and low cost [7] [8] [9] [10] [11] . However, there are still some defects for carbonaceous-based electrode, for example the irreversible capacity loss in the first cycle and the poor compatibility with electrolyte [12, 13] . Furthermore, carbonaceous-based electrodes are apt to release combustible gas when operated at high temperature, which might lead to combustion or explosion of the electrochemical system [14] . To overcome these obstacles and furthermore improve the electrochemical performance of carbonaceous materials, many strategies have been developed, including heteroatoms (N, O, S, and P) doping [15] [16] [17] [18] [19] [20] and composition with other functional materials [21] [22] [23] [24] [25] [26] .
Recently, porous organic polymers (POPs) have been reported as promising candidates in many applications, including adsorbent [27] [28] [29] , drug release [30] , photocatalyst [31] [32] [33] , and lithium ion battery electrodes [34] [35] [36] [37] [38] [39] , owing to their large surface area and porous structure. Porous structure can effectively relieve the volume change of electrode during electrochemical processes, and thereby enhance the cycling stability. In addition, porous structure would reduce the diffusion length of ions and electrolyte, and hence improves the transport kinetics. Most of all, the high designability of POPs associated with versatile synthons facilitates the introduction of heteroatoms, which would provide much more accessible active sites for interacting with Li ion. However, the utilization of POPs as electrochemical materials is limited by their poor conductivity caused by lower conjugation degree. The compositization with carbonaceous materials is a facial method to overcome this obstacle, and the electrochemical performance of the resultant composite should associate closely with the interaction nature between POPs and carbonaceous material. To clarify this relationship, further investigations are required on newly fabricated composites.
As a cheap chemical, melamine is widely used in producing POPs. Feng and co-workers reported an amorphous N-rich POPs (SNW-1) synthesized through the polymerization of melamine and terephthalaldehyde, exhibiting large surface area and good chemical stability against most of common organic solvents [40] . Herein, we choose SNW-1 as porous material to composite with GE and carboxylic CNTs, to produce new electrochemically active composites (Scheme 1). When used as anode of LIBs. The obtained SNW-1/CNTs shows a specific capacity of 203 mA h g −1 after 1000 cycles at a current of 0.5 C, which greatly surpasses that of SNW-1/GE and pristine SNW-1. The chemical interaction between two components in SNW-1/CNTs facilitates the heterogeneous charge transfer and accounts for the improved electrochemical performance.
Experimental section

Materials and syntheses of SNW-1
Carboxylic CNT was purchased from XFnano company. All other reagents are of analytical grade and used directly without further purification. SNW-1 was synthesized according to literature [40] .
Syntheses of SNW-1/CNT
A flame dried Schlenk flask fitted with a condenser and a magnetic stirring bar was charged with carboxylic CNT (10 mg), melamine (313 mg, 2.485 mmol), terephthalaldehyde (500 mg, 3.728 mmol) and dimethyl sulfoxide (15.5 mL) . After being bubbled with argon for 10 min, the mixture was heated at 180 °C for 72 h. Then the reaction system was cooled to room temperature, and the precipitated was collected by filtration and washed sequentially with acetone, tetrahydrofuran and dichloromethane. After being dried under vacuum at room temperature, black powder was obtained with a yield of 61%.
Syntheses of SNW-1/GE
SNW-1/GE was produced in a similar procedure to that of SNW-1/CNT, excepting CNT being replaced by GE. The target SNW-1/GE composite was obtained as black powders in 64% yield.
Structural characterization
Fourier transform infrared (FTIR) spectra were recorded on a TENSOR 37 Frontier infrared spectrometer (Bruker, German) in KBr pellets. Thermogravimetric analysis (TGA) was carried out on a Rigaku standard TG-DTA analyzer with using empty Al 2 O 3 crucible as reference, and the data were recorded between room temperature and 800 °C with a heating rate of 10 °C min −1 under air atmosphere. The morphology was characterized by SEM (JEOL JSM-7500F). XPS was measured on a PHI5000 Versaprobe system. Raman spectra were measured on Renishaw system in the range of 100-4000 cm −1 . Gas sorption isotherms were measured on Micromeritics ASAP 2020 gas adsorption analyzer, and all samples were activated under a dynamic vacuum at 80 °C for 8 h before measurement.
Battery fabrication and electrochemical measurements
The 2025 coin-type cells for electrochemical tests were assembled in an argon-filled glove box. The working electrodes were prepared by pasting the viscous slurry containing 60% active material, 20% Ketjen Black, and 20% poly(vinylidene fluoride) (PVDF) onto a copper foil current collector. 
Results and discussion
Structural characterization
The composites were first characterized by FTIR spectra. As shown in Fig. 1a and Figure S1 , the spectrum of SNW-1/GE composite is similar to that of pristine SNW-1, where the stretching vibration of triazine ring is clearly observed at 1550 and 1480 cm −1 [40] , and the band at 3420 cm −1 may be assigned to the stretching vibration of N-H bond of SNW-1. No bands attributable to the stretching vibration of imine bond (around 1600 cm −1 ) are observed. For SNW-1/ CNT system, the spectrum is dominated by the characteristic vibrations of CNTs component, while the IR bands of triazine ring are not obvious. Notably, the 1628 cm −1 band may be assigned to the amide bond formed through condensation between the carboxyl group of carboxylic CNTs and the amino groups of melamine. This chemical bonding would facilitate the charge transfer between CNTs and SNW-1, and further enhance the synergy effect. The successful construction of SNW-1/CNT and SNW-1/ GE composites was also supported by SEM and Raman spectra measurement. The SEM of SNW-1/CNTs exhibits similar nanosheet morphology to that of SNW-1 ( Figure  S2) , while the Raman spectrum shows the character D (1340 cm −1 ) and G (1580 cm −1 ) bands of CNTs ( Figure S3 ). Similar results were also observed for SNW-1/GE ( Figure S2 and S3). PXRD measurement does not unveil any diffraction peaks attributable to long range ordered structure, revealing the amorphous nature of two composites (Figure S4 ). In addition, TGA was used to evaluate the thermal stability of the materials. As shown in Fig. 1b , both SNW-1 and SNW-1/GE exhibit good thermal stability up to 350 °C under air atmosphere, while SNW-1/CNT shows much high thermal stability up to 550 °C.
X-ray photoelectron spectroscopy (XPS) measurements were performed to clarify the oxidation state of N, O, and C in the composites. As shown in Fig. 1 and Figure S5 , similar N1s, C1s and O1s spectra were observed for SNW-1/CNT, SNW-1/GE and SNW-1, which confirms similar assembly backbone of them.
Nitrogen gas adsorption/desorption isotherms recorded at 77 K were used to evaluate the porosity of SNW-1 and two composites (Fig. 2) . All three samples exhibit type-I isotherm, indicating the microporous nature of them. The Brunauer-Emmett-Teller (BET) surface area was calculated to be 736, 641, and 723 m 2 g −1 , SN Applied Sciences (2020) 2:199 | https://doi.org/10.1007/s42452-020-1979-x respectively, for SNW-1, SNW-1/CNTs and SNW-1/GE, and the main pore diameter was predicted to be less than 1 nm by non-local density functional theory (NLDFT) model. The large surface area should be attributed to the formation of porous SNW-1 component, which would provide more active sites readily accessible to Li + and electrolyte ions. 
Performance of lithium ion batteries
Owing to the high surface area, unique structure and composition advantages, the as-obtained samples could be ideal choice applied as anode materials in LIBs. The electrochemical impedance spectra (Nyquist plots) were firstly recorded to analyze the influence of compositization on the conductivity. As shown in Fig. 3 , semicircle in the high-to-medium frequency region together with a straight line in the low frequency region was observed for all three samples. The former represents the charge-transfer resistance (R ct ) that may be evaluated by the diameter of the semicircle, while the latter is associated with mass diffusion process [41] . Both SNW-1/CNTs and SNW-1/GE exhibit much smaller diameters than SNW-1, unveiling much improved conductivity of two composites relative to SNW-1 that makes it much easier for electron to transfer to the surface. This may be attributed to the high electrical conductivity of CNTs and GE components as well as the fine interfacial affinity between carbonaceous materials and SNW-1.
Given their large surface area, high nitrogen content and improved electrical conductivity, the as-synthesized composites were further investigated as anode candidates for LIBs. The cycling performances and Coulombic efficiencies of the two as-obtained SNW-1/CNTs and SNW-1/GE composites were tested and compared with that of SNW-1, as shown in Fig. 4a , c, e. When tested at a current density of 500 mA g −1 , good cycling stabilities up to 1000 cycles are unveiled for all three materials. Notably, the SNW-1/ CNTs electrode delivers higher initial specific capacity of 134 mAh g −1 than SNW-1 (90 mAh g −1 ) and SNW-1/GE (55 mAh g −1 ), respectively. After early activation process, the specific capacity of SNW-1/CNTs increases continuously and approaches to 203 mAh g −1 after 1000 cycles, which is about 1.5 times as high as the initial value. This could be attributed to the gradual release of electrochemical active sites existed in SNW component [42, 43] . The capacity increasing phenomenon was also observed for SNW-1 and SNW-1/GE but with much smaller steps, and the final specific capacities are about 75 mAh g −1 for both of them. The more effective activation process observed for SNW-1/ CNTs relative to SNW-1 and SNW-1/GE might be ascribed to the more strong interaction between two components in the former. Notably, the specific capacity of SNW-1 is comparable with that of some other organic polymers, including conjugated polymeric Schiff base (PSB) and conjugated poly(5-alkyl-thieno [3,4-c] pyrrole-4,6-dione)s [44, 45] , while SNW-1/CNTs surpass the Gr/c-PMMA composites [46] . This could be attributed to the high content of N of SNW-1 that favors the insertion of lithium ions. Furthermore, all three samples exhibit fascinating Columbic efficiency of up to 99% after 1000 cycles, further exhibiting excellent cycling performances.
In addition to the specific capacity and cycling stability, the rate performance of the as-formed SNW-1, SNW/ CNTs and SNW-1/GE electrodes were also explored and depicted in Fig. 4b, d , f, respectively, with current density varying from 0.025 to 10 A g −1 . Along with current density increasing, the specific capacity of SNW-1 electrode fades severely from 50 mAh h g −1 at 50 mA g −1 to 15 mAh g −1 at 10 A g −1 , while that of SNW-1/CNTs and SNW-1/ GE electrodes decrease from 132 and 126 mAh g −1 at 50 mA g −1 , respectively, both to both 48 mAh g −1 at 10 A g −1 , indicating the better rate performance of two composites than the pristine SNW-1. In general, the rate performance associates closely with the conductivity, and the higher conductivity, the better rate performance [41] . In accordance with this tendency, the better rate performance of two composites should also be ascribed to their higher conductivity as observed in Fig. 3 . When the current density is recovered to 0.1 A g −1 , specific capacities of 55, 150, 125 mAh g −1 are obtained for SNW-1, SNW-1/CNTs, and SNW-1/GE electrodes, respectively, indicating the excellent cycling performances of these materials.
Besides rate performance, some other electrochemical performance such as charge/discharge specific capacity would also be improved by high conductivity. However, it's not the case for the three materials studied here. SNW-1/ GE exhibits unexpectedly the lowest capacity, though possessing the best electrical conductivity, whereas SNW-1/ CNT displays middle conductivity but the highest capacity. This abnormal case should be ascribed to different interaction between SNW-1 and carbonaceous components for the two composites. It has been indicated in IR analyses that SNW-1 interacts with carboxylic CNTs moiety through chemical bonding in SNW-1/CNTs composite, CNTs. As shown in Figure S6 and S7, the mechanical mixture displays an initial capacity (75 mAh g −1 ) even smaller than that of pure SNW-1. After 1000 cycles, the capacity of the mixture approaches to 110 mAh g −1 . Careful inspection reveals that the specific capacity of the mechanical mixture of SWN-1 and CNTs is only about half of that of SNW-1/CNTs composite, but is comparable to that of SWM-1/GE composite. This reveals that the interaction between different components of composites exerts an important influence on the corresponding electrochemical performance. 
Conclusions
In summary, a facile method was developed to construct new organic polymer/carbonaceous materials composites through in situ synthesis. When used as anode materials of LIBs, chemically bonded SNW-1/CNTs composite exhibits a good reversible capacity of 203 mA h g −1 after 1000 cycles at 0.5 A g −1 , while SNW-1/GE composite assembled through nonchemical interaction shows a poor capacity, though possessing higher electronic conductivity. This indicates that electrochemical performance of the composite depends strongly on the heterogeneous interaction between different components. This work sheds new insight on constructing organic polymer-based composites for sustainable and environmentally energy storage devices.
